Strong optical nonlinearities of self-assembled polymorphic microstructures of phenylethynyl functionalized fluorenones by Li, Xinyue et al.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/200409
 
 
 
Please be advised that this information was generated on 2020-01-01 and may be subject to
change.
Article 25fa pilot End User Agreement 
This publication is distributed under the terms of Article 25fa of the Dutch Copyright Act (Auteurswet) 
with explicit consent by the author. Dutch law entitles the maker of a short scientific work funded either 
wholly or partially by Dutch public funds to make that work publicly available for no consideration 
following a reasonable period of time after the work was first published, provided that clear reference is 
made to the source of the first publication of the work.  
This publication is distributed under The Association of Universities in the Netherlands (VSNU) ‘Article 
25fa implementation’ pilot project. In this pilot research outputs of researchers employed by Dutch 
Universities that comply with the legal requirements of Article 25fa of the Dutch Copyright Act are 
distributed online and free of cost or other barriers in institutional repositories. Research outputs are 
distributed six months after their first online publication in the original published version and with 
proper attribution to the source of the original publication.  
You are permitted to download and use the publication for personal purposes. All rights remain with the 
author(s) and/or copyrights owner(s) of this work. Any use of the publication other than authorised 
under this licence or copyright law is prohibited. 
If you believe that digital publication of certain material infringes any of your rights or (privacy) 
interests, please let the Library know, stating your reasons. In case of a legitimate complaint, the Library 
will make the material inaccessible and/or remove it from the website. Please contact the Library 
through email: copyright@ubn.ru.nl, or send a letter to: 
University Library  
Radboud University 
Copyright Information Point 
PO Box 9100 
6500 HA Nijmegen 
 
You will be contacted as soon as possible. 
Communication
Strong optical nonlinearities of self-assembled polymorphic
microstructures of phenylethynyl functionalized ﬂuorenones
Xinyue Lia, Sergey Seminb, Leandro A. Estradac,d, Chunqing Yuana, Yulong Duanb,
Jonathan Cremersb, Paul Tinnemansb, Paul Kouwerb, Alan E. Rowane, Theo Rasingb,
Jialiang Xua,*
a School of Chemical and Engineering Technology, Tianjin University, Tianjin 300350, China
b Institute for Molecules and Materials (IMM), Radboud University, 6525 AJ, Nijmegen, The Netherlands
cCenter for Photochemical Sciences, Bowling Green State University, Bowling Green OH 43403, USA
d Solvay Specialty Polymers, Alpharetta GA 30005, USA
eAustralian Institute for Bioengineering and Nanotechnology (AIBN), The University of Queensland, Brisbane QLD 4072, Australia
A R T I C L E I N F O
Article history:
Received 26 August 2017
Received in revised form 31 October 2017
Accepted 2 November 2017
Available online 6 November 2017
Keywords:
Nonlinear optics
Second harmonic generation
Two-photon excited ﬂuorescence
Transition dipole
Fluorenone
A B S T R A C T
Highly efﬁcient nonlinear optical (NLO) materials with well-deﬁned architectures in the wavelength and
subwavelength length scales are of particular importance for next generation of integrated photonic
circuits. Fluorenone analogues have been demonstrated to be promising candidates as building blocks for
assembly of organic NLO materials thanks to their synergistic supramolecular interactions and brilliant
optical properties. Here we have studied the polymorphs of a phenylethynyl functionalized ﬂuorenone
derivative, and their controlled self-assembly for microstructures with different morphologies. These
polymorphic microcrystals exhibit very distinctive NLO properties, highly related to their supramolecu-
lar and electronic structures.
© 2017 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
Published by Elsevier B.V. All rights reserved.
Highly efﬁcient nonlinear optical (NLO) materials play essential
roles not only in advanced modern technologies ranging from
super-resolution microscopy and lithography to terahertz (THz)
generation, but also in many daily life aspects such as telecommu-
nication, signal processing and data storage [1,2]. In particular, NLO
materials with well-deﬁned architectures on the (sub)wavelength
length scales are regarded as the key materials for developing the
next generation integrated photonic circuits [3–5]. Second
harmonic generation (SHG) [6] is one of the most widely studied
and used second-order NLO effects, in which two photons of
incident light combine and generate a photon with doubled
frequency and energy. It is usually generated when an intense
pulsed laser beam interacts with a medium that has a high NLO
hyperpolarizability, b, and equal importantly, a non-centrosym-
metric geometry [7]. Two-photon excited ﬂuorescence (TPF), on
the other hand, is a nonlinear optical up-conversion process
described by a third-order nonlinear optical two-photon absorp-
tion (TPA) mechanism [8]. Despite that inorganic NLO materials
such as barium borate (BBO), zinc oxide (ZnO), and potassium
dihydrogen phosphate (KDP) are well-established and widely used,
organic NLO materials have been demonstrated to have various
advantages, including high hyperpolarizabilities, structure diver-
sities and eases of process [9–11]. In particular, the tailor-made
molecular structures of organic NLO dyes allow for hierarchical
self-assembled architectures on the micro- and nano- scales by
multiple supramolecular interactions [3,12,13]. This results in
subwavelength scale materials with very well-deﬁned structures
and therefore highly anistropic optical properties, serving as ideal
building blocks for integrated photonic circuit applications
[12,14–17].
The optimization of organic NLO materials usually involves the
introduction of electron donating and accepting groups into a
p-conjugated molecule [11,18,19]. By optimizing the chemical
structures of the electron donors (D) and acceptors (A) as well as
the p-bridges, intramolecular charge transfer (ICT) processes of
these D-p-A molecular systems are facilitated and, therefore,
manifested as a boost in their NLO hyperpolarizabilities [20,21].
However, such an optimization in the molecular structure does not
always lead to materials with high NLO susceptibility. Particularly
for a second-order NLO process, a non-centrosymmetric* Corresponding author.
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organization of the dye molecules in these materials is essential.
This is particularly challenging because these D-p-A compounds
have a strong tendency to self-organize in centrosymmetric ways
driven by the dipole-dipole interactions [22,23]. Recently, we have
found that ﬂuorenone based compounds are very promising
building blocks for multifunctional materials, exhibiting both
second- and third-order NLO responses, integrated with distinctive
waveguiding behaviours [24–26]. These ﬂuorenone derivatives,
despite of having a moderate ICT characteristic, favor synergistic
non-covalent interactions such as hydrogen bonds and C—Hp
interactions, leading to an accumulation of the molecular level NLO
hyperpolarizabilities. The V-shaped geometry of ﬂuorenone
molecules results in different orientations of the transition dipole,
mge, and the change of the permanent dipole from the ground state
to the excited state, Dm, each playing a key role in the optimization
of highly efﬁcient NLO molecular materials based on ﬂuorenone
derivatives. In this context, further exploration of novel ﬂuorenone
based NLO dyes and a precise correlation between the optical
responses with their molecular and supramolecular architectures
is essential. Here, we have studied the polymorphs of a phenyl-
ethynyl functionalized ﬂuorenone derivative, namely bis(2-phe-
nylethyn-1-yl)ﬂuoren-9-one (PAFO, Scheme S1 in Supporting
information), and its controlled self-assembly in microstructures
with different morphologies. These polymorphic microcrystals
exhibit very distinctive nonlinear optical properties, which are
highly dependent on their electronic and supramolecular struc-
tures, as revealed by the detailed NLO examinations in combina-
tion with theoretical calculations.
The synthesis of the title compound PAFO follows the reported
procedures [27]. The compound is yellow and dissolves well
(> 5 mg/mL) in many common organic solvents such as toluene,
dichloromethane (CH2Cl2), chloroform (CHCl3), tetrahydrofuran
(THF), moderately ( 0.5 mg/mL) in 1,4-dioxane, and poorly
(<0.1 mg/mL) in highly polar solvents such as methanol (CH3OH),
ethanol (EtOH), or acetonitrile (CH3CN). In this context, we are able
to readily grow high quality single crystals from PAFO for X-ray
diffraction (XRD) measurements via the liquid diffusion method. In
a typical procedure, a concentrated solution of PAFO in CH2Cl2
(5 mg/mL, 2 mL) was gently covered with CH3CN (5 mL) with a
clear boundary between the interfaces of the good and poor
solvents. After the complete diffusion of the poor solvent CH3CN
into the good solvent CH2Cl2, PAFO precipitated as needle-like
crystals. Single crystal XRD analysis reveals that in these crystals
(referred to as the a-phase), PAFO molecules are organized in an
orthorhombic Pca21 space group, belonging to a non-centrosym-
metric 222 point group, with unit cell parameters of a = 12.3209
(14) Å, b = 10.7613(13) Å, c = 29.421(3) Å, a = 90, b = 90, and g = 90
(Table S1 in Supporting information). The compound has two
molecular conﬁgurations in the unit cells (Figs. 1a and b). In one of
the PAFO molecules, one of the phenyl rings is twisted from the
ﬂuorenone plane with a torsion angle of about 45.9, while the
other phenyl ring is nearly planar to the ﬂuorenone moiety (torsion
angle <2). In the other PAFO molecules, both of the phenyl rings
are twisted from the ﬂuorenone plane, but with very different
torsion angles (45.0 and 14.2, respectively). Such different
conﬁgurations facilitate the intramolecular p-p stacking interac-
tion, which serves together with the C—Hp interactions and the
dipole-dipole interactions as the supramolecular driving forces for
the non-centrosymmetric molecular organizations (Figs. 1c and d).
If 1,4-dioxane is chosen as the poor solvent for the liquid
diffusion growth, belt-like single crystals of PAFO are formed after
the complete mixing of the solvents. Single crystal XRD analysis
suggests that these crystals actually belong to another crystal
phase of PAFO (referred to as the b-phase), with a monoclinic
P21/a space group (point group: 2/m) and unit cell parameters
of a = 16.4740(13) Å, b = 5.8377(3) Å, c = 23.9662(13) Å, a = 90,
b = 104.803(5), and g = 90 (Table S1). The PAFO molecules are
in a bent conﬁguration with a torsion angle of about 9.8 in the
b-phase (Figs. 2a–c). The interactions between PAFO molecules are
based on the similar p-p stacking and C—Hp interactions as those
in the a-phase. However, it is worth noting that the solvent
molecules of 1,4-dioxane are highly involved in deﬁning the
supramolecular organization of PAFO molecules in the b-phase
crystals. The multiple hydrogen bonds between the 1,4-dioxane
molecules drive the formation of molecular chains of 1,4-dioxane
along the crystallographic b-axis (Fig. 2d) [28], which is also the
direction along which the PAFO molecules are packed via p-p
stacking interactions in a J-type aggregation (Fig. 2e).
Well-deﬁned micro-sized crystalline superstructures can be
feasibly fabricated from the compound via simple solution based
methods in a well-controlled manner. By using a re-precipitation
method, in which the concentrated solution of PAFO in CH2Cl2
(5 mg/mL, 200 mL) was injected into 5 mL of CH3CN under vigorous
stirring, the compound precipitated as microrod structures with
widths of a few micrometers and lengths of hundreds of
micrometers, as shown in the SEM image (Fig. 3a). If using a
drop-casting method, in which the solution of PAFO in 1,4-dioxane
(0.2 mg/mL) was drop-casted onto the glass or silicon substrate,
Fig. 1. Crystal structures of PAFO in the a-phase. a) The front view and b) the top
view of the PAFO molecules with two different conﬁgurations. c) The unit cell of
PAFO crystals in the a-phase. d) The packing diagram viewed from the
crystallographic b-axis.
Fig. 2. Crystal structures of PAFO in the b-phase. a) The front view and b) the top
view of the PAFO molecules with a bent conﬁgurations. c) The unit cell of PAFO
crystals in the b-phase. d) The hydrogen bonded 1,4-dioxane network for directing
the p-p stacked molecular organization. e) The packing diagram viewed from the
crystallographic b-axis. H atoms have been omitted for clarity.
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microbelt structures with widths of a few micrometers, lengths of
hundreds of micrometers and thicknesses of a few hundred
nanometers were observed after evaporation of the solvent
(Figs. 3b and c). Powder XRD patterns of the as-prepared
microstructures suggest that the microrods prepared by repreci-
pitation (solvents: CH2Cl2/CH3CN) belong to the a-phase poly-
morph of PAFO, while the microbelts prepared by drop-casting
(solvent: 1,4-dioxane) belong to the b-phase (Fig. 3d).
Theoretical calculations were carried out to gain more insights
into the electronic and supramolecular structures of these micro-
sized self-assemblies. The electronic structures of PAFO in both the
a- and b- phases in the ground and excited states have been
evaluated at the level of B3LYP/6-31g**. The shapes of the frontier
highest occupied molecular orbitals (HOMOs) and lowest unoccu-
pied molecular orbitals (LUMOs), as shown in Figs. 4a and b, and
Fig. S2 in Supporting information, indicate clear charge transfer in
PAFO in both phases. The transition dipoles corresponding to the
S0–S1 transitions of PAFO in both the a- and b- phases, as shown in
their respective transition densities (Figs. 4c and d, and Fig. S2), are
mainly along the direction of the molecular long axes of PAFO
molecules. As calculated by the Morphology module of the
Material Studio package, in the a-phase, the microrod is grown
along the [100] direction of the crystal (the p-p stacking direction).
In this context, the overall transition dipole summed up from those
of the “zig-zag” oriented individual molecules, is along the [010]
direction, which is perpendicular to the long axis of the microrods
(Fig. 4e). The b-phase microbelt however is grown along the [010]
direction of the crystal (Fig. 4f), which is the direction of the
hydrogen bonded molecular chains of the solvent 1,4-dioxane [28].
Therefore, the transition dipole, being parallel to the molecular
long axis (the crystallographic a-axis), is oriented perpendicular to
the big-area surface, namely the (001) face of the microbelts.
With the clear pictures of the (supra)molecular and electronic
structures of both microstructures as discussed above, we have
studied the NLO properties of the single crystals of the microrod
and microbelt morphologies using a home-built laser scanning
optical microscope with a femtosecond laser pump at 800 nm
(120 fs, 82 MHz) [24]. The incidence and detection angles were
Fig. 3. Morphology of the self-assembled microstructures of PAFO. The SEM images
of a) microrods prepared by reprecipitation (solvents: CH2Cl2/CH3CN) and b)
microbelts prepared by drop-casting (1,4-dioxane). c) The AFM image of the as-
prepared microbelts. The cross-section shows a typical microbelt with a thickness
of 800 nm. d) The XRD patterns of the as-prepared microstructures, in comparison
with the simulated powder XRD of the a- and b-phase polymorphs, showing that
the microrods and the microbelts belong to the a- and b-phase of the polymorphs
of PAFO, respectively.
Fig. 4. Simulated electronic and supramolecular structures of the self-assembled
polymorphic microcrystals. The calculated HOMOs and LUMOs of PAFO in the a)
a-phase and b) the b-phase. The transition densities corresponding to the S0–S1
transition of PAFO in c) the a-phase and d) the b-phase. Predicted morphologies of
PAFO in e) the a-phase and f) the b-phase. The size and color of the spheres in
panels a), b), c) and d) represent the amplitude and sign (red is negative and green is
positive) of the charge, respectively. The red arrows in panels e) and f) represent the
growth directions of the microstructures; the yellow arrows show the orientations
of the transition dipole of the individual molecules while the orange arrows show
the overall transition dipoles in the microcrystals.
Fig. 5. Nonlinear optical responses of the self-assembled microstructures of PAFO.
a) NLO spectra. b) The logarithmic plots of the power dependence of SHG and TPF
signals. The slopes of their linear ﬁts are 2.0  0.1. The polarization dependence
plots of the NLO signals from the c) microrod and d) microbelt, respectively. The
dots are experimental data and the solid lines are the cos4u and cos2u ﬁts for SHG
and TPF, respectively [24]. Both the microrod and microbelt are vertically aligned
relative to the plane of incidence. The incidence pump was p-polarized for panels a)
and b), and the power was 2.2 mW for panels a), c) and d). The pump wavelength
was 800 nm.
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both set at 45, and the one dimensional (1D) microrod and
microbelt were placed perpendicular to the plane of incidence. As
shown in the NLO spectra (Fig. 5a), both the a-phase microrod and
b-phase microbelt exhibited strong TPF signals with a very similar
spectral feature peaking at about 550 nm. Meanwhile, one can
clearly notice a pronounced SHG signal at 400 nm in the spectrum
of the microrod, as expected from the non-centrosymmetric
structure of the a-phase crystals with the point group of 222 (space
group: Pca21). The intensities of all these NLO signals from both the
microrod and microbelt scaled quadratically with the incident
power, demonstrating the two-photon nature of both SHG and TPF
(Fig. 5b). The polarization dependencies of the NLO signals of the
1D microstructures were studied relative to their well-deﬁned
supramolecular and electronic structures. The results, as shown in
Figs. 5c and d, demonstrated that the SHG and TPF from both 1D
microstructures exhibited the strongest signals when the excita-
tion beam was p-polarized, which is perpendicular to the vertically
oriented microrod and microbelt. This is in line with the well-
oriented transition dipoles of the microstructures of both the a-
and b- polymorphs of PAFO. The polarization ratio, r = (Imax Imin)/
(Imax + Imin), was determined to be 0.998  0.001 and 0.938  0.005
for the SHG and TPF of the microrod, respectively, in comparison to
0.694  0.003 of that of the TPF of the microbelt. The very high
polarization ratios of both SHG and TPF from the microrod are
attributed to its well-deﬁned supramolecular structure which
leads to the very well-oriented transition dipole moments. The
efﬁciency of the second-order nonlinearity of the PAFO microrods
was evaluated by measuring their SHG intensity compared with
that of inorganic material Y-cut quartz under the same measure-
ment conditions. The results suggest that the PAFO microrods have
a relative value of about 7.95 and 0.54 times to that of the Y-cut
quartz at 740 nm and 800 nm, respectively.
In summary, we have studied the self-assembly of the
polymorphic microstructures with different morphologies from
a phenylethynyl functionalized ﬂuorenone derivative PAFO, and
investigated their distinctive nonlinear optical properties. The
observed second- and third- order NLO responses of these
microstructures are highly anisotropic, depending on their well-
deﬁned supramolecular and electronic structures. Our study
highlights the importance of the supramolecular organizations
for future design of molecular photonic materials. The dual NLO
responses of the microstructures along with the very high
polarization ratios promise the possible applications of these
materials in future photonic circuits.
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